Background: Resistance to immune checkpoint inhibitors (ICIs) has been linked to local immunosuppression independent of major ICI targets (e.g., PD-1). Clinical experience with response prediction based on PD-L1 expression suggests that other factors influence sensitivity to ICIs in non-small cell lung cancer (NSCLC) patients.
Background
On March 4th 2015, nivolumab (Opdivo®, from BristolMyers Squibb) became the first immune checkpoint inhibitor (ICI) to be approved by the US Food and Drug Administration for use in patients with metastatic nonsquamous non-small cell lung cancer (NSCLC) progressing on or after platinum-based chemotherapy [1] , following disclosure of the results from the Phase III Checkmate-037 trial [2] . Since then, three other ICIs that inhibit the programmed cell death pathway, including programmed cell death 1 (PDCD1 or CD279, best known as PD-1) and its ligands -CD274 (best known as PD-L1) and programmed cell death 1 ligand 2 (PDCD1LG2 or CD273, best known as PD-L2) -have been licensed for use in NSCLC patients, namely pembrolizumab (Keytruda®, from Merck) [3, 4] , atezolizumab (Tecentriq®, from Genentech) [5, 6] , and durvalumab (Imfinzi®, from AstraZeneca) [7] . Response rates to these ICIs employed as single agent immunotherapeutic interventions in an unselected population, however, is generally below 20% [3] . Moreover, ICI-based immunotherapy has been estimated to cost 100,000-250,000 USD per patient (with some variation depending on specific ICI, treatment regimen and duration) [8] . Thus, considerable efforts are being devoted to the elucidation of the mechanisms controlling the development of primary and acquired resistance to ICIs [9] , as well as to the identification of biomarkers with robust predictive value [10, 11] .
These observations have rapidly been translated into the clinical management of NSCLC with the FDA companion diagnostic for pembrolizumab treatment, PD-L1 expression levels assessed by the PD-L1 22C3 pharmDx assay (from Agilent) [12] . However, response prediction based on PD-L1 levels is not 100% accurate. For instance, pembrolizumab monotherapy in NSCLC patients with a PD-L1 tumor proportion score (TPS) < 1% (i.e., membranous PD-L1 expression on < 1% malignant cells), of 1-49%, and ≥ 50% was associated with response rates of 10.7, 16.5, and 45.2%, respectively [3] . Thus, a small population of NSCLC patients with low PD-L1, seemingly "negative biomarker" patients, will still respond to ICI-based therapy. Conversely, not all patients with high PD-L1 TPS obtain clinical benefits from ICIs, which suggests the existence of alternative resistance mechanisms, such as mutations that affect the ability of cancer cells to be recognized or eliminated by the immune system [9] , or other mechanism of local immunosuppression in the tumor microenvironment via pathways that do not directly involve ICI targets such as PD-L1 and PD-1 [3] .
We employed targeted RNA sequencing of an immune related panel of slightly less than 400 genes to optimize the detection of low expressing genes as opposed to whole transcriptome, that was specifically designed for use in formalin fixed paraffin embedded (FFPE) clinical samples [13] . This list of genes was divided into 41 different immune function categories and analyzed for response to ICIs in a cohort of NSCLC patients from ten different institutions. The highest association with response among the different immune function categories was cell proliferation, represented by the expression of ten unique genes. We demonstrate that either extreme of cellular proliferation in the tumor microenvironment, i.e. highly or poorly proliferative, is associated with resistance to ICIs amongst NSCLC patients, and that the expression levels of a 10-gene set associated with cellular proliferation can be harnessed to improve patient stratification beyond PD-L1 TPS. Most importantly, we show that additional stratification of PD-L1 negative NSCLC based upon cell proliferation status introduces a new approach to response to ICI therapy in NSCLC.
Methods

Patients and clinical data
Ten collaborating institutions obtained approval by their respective institutional review boards (IRBs) to submit existing de-identified specimens and associated clinical data for use in this study. A total of 120 patients were included in the study (Fig. 1a) , based on the following criteria: (1) history of Stage IV NSCLC; (2) availability of adequate archival formalin-fixed paraffin-embedded (FFPE) tissue collected prior to treatment with ICIs; (3) availability of sequencing data; and (4) availability of demographic, diagnosis, follow-up and survival data. Table 1 summarizes the baseline clinical characteristics of these patients (individual patient data provided in Additional file 1: Table S1 ).
Patients who were treated with ICIs were included if they were treated by an agent approved by the FDA as of November 2017 and had follow up and survival from first ICI dose (n = 120). ICI-treated patients who died within 90 days of first dose were excluded as it could not be discerned whether they were rapid progressors or had poor performance prior to going on drug. Patients lacking sufficient follow up time for response evaluation (less than 90 days from first dose), were also excluded from analysis. Of the120 ICI-treated patients, for all of which survival data was available, there were 10 patients not evaluable for response due to either no measurable disease or target lesion (n = 4), missing scans (n = 4), or not specified (n = 2) (Fig. 1a) . For the remaining 110 patients all were evaluable for response based on RECIST v1.1 and were divided into a test set (n = 34) from one institution with the most patients (Duke) and a training set (n = 76) from all other institutions. Patients whose best response was complete response (CR), partial response (PR), or stable disease (SD) with 12 months or more survival were classified as disease control (DC), while patients whose best response was progressive disease (PD) or SD with less than 12 months survival were classified as no disease control (NDC). Duration of response was not available for all patients and not included for final analysis.
Immunohistochemical studies
The expression of PD-L1 on the surface of cancer cells was assessed in all cases by means of the Dako Omnis Platform and the 22C3 pharmDx antibody (Agilent, Santa Clara, CA) using FDA-scoring guidelines [14] . Briefly, a minimum of 100 viable tumor cells were assessed for membranous staining of any intensity for Fig. 1 Summary of patient disposition and exploratory analysis. a) A total of 120 patients previously treated with checkpoint inhibitors were included in the study. All patients had survival data from date of first dose of checkpoint inhibitor, while 110 were evaluable by RECIST v1.1 for response. b) Exploratory analysis using pair-wise proportion test of 41 immune-related gene functions derived from 394 genes for patients with disease control versus no disease control identifies cell proliferation as a biomarker of interest the 22C3 antibody. The percentage of viable tumor cells showing partial or complete membrane staining relative to all viable tumor cells present in the sample (positive and negative) was then used to derive a tumor proportion score (TPS). PD-L1 levels were scored by a board-certified anatomic pathologist as per published guidelines [15] , with a TPS ≥ 50% considered as a strongly positive result for different comparisons, while a result of ≥1% considered as positive result for different comparisons. PD-L1 TPS ≥ 1% to < 50% were considered weakly positive for additional comparative purposes. PD-L1 TPS < 1% was considered as negative. Ki-67 positivity amongst neoplastic and immune cells was scored upon nuclear staining, regardless of intensity, with the M7240 (clone MIB1) antibody from Dako (Carpentaria, CA) with the percentage of each cell type recorded.
RNA-seq
RNA were extracted from each sample and processed for targeted RNA-seq, as previously described [13, 16] . Gene expression was evaluated by amplicon sequencing of 394 immune transcripts on samples that met validated quality control (QC) thresholds [13] .
Data analysis
Immune gene expression ranks (range 0-100) from a targeted RNA-seq immune panel of approximately 400 genes were divided into 41 biological function categories according to commercial annotations from the manufacturer (Additional file 1: Table S2 ). For all 110 cases with response, distribution of each biological function was split into 3 tertiles of low (less than 33), medium (between 33 and 66) and high (greater than 66). Next, we performed a pair wise proportion test (chi-square test) to test for difference in DC rates for these three tertiles (i.e. low vs medium, medium vs high and low vs high) for each biological function (Fig. 1b) . Proportion test was performed with continuity correction and pairwise p-values for each biological function were adjusted for multiple hypothesis testing using "holmes" correction. We further divided the dataset into a training set (n = 76) consisting of samples from all data access groups except the largest contributor. A separate test set (n = 34) was constituted from samples from a single largest contributing institute. Any biological function that did not have cases representing one or more tertiles was removed from further analysis due to lack of dynamic range of that biological function in the population assessed in this study. The most significant gene functions were utilized for further analysis. Survival analysis was performed using a log-rank test on 5-year Kaplan-Meier survival curves for PD-L1 levels assessed by IHC and combined expression of 10 proliferation-related genes assessed by RNA-Seq. Comparison of DC rate was performed using Chi-square test with Yate's continuity correction. Multivariate analysis was performed by fitting a binomial logistic regression model to DC labels and co-variates such as proliferation status, PD-L1 status, histology, race, sex, and age category. Analysis of variance (ANOVA) was performed on the fitted model to study the table of deviance to determine the co-variate that explains the most variance in the DC rates.
Results
Immune-related gene functions
Among 41 different immune-related gene functions (Additional file 1: Table S2 ) evaluated by pairwise comparison test in the training set (n = 76), three were significantly differentially expressed for DC versus NDC for at least one comparison (Additional file 1: Table S3 ). These three functions and specific genes (see Additional file 1: Table S2 for HLA-DQA1, HLA-DQA2, HLA-DQB2, HLA-DRA, HLA-DRB1, HLA-E, HLA-F, HLA-F-AS1, HLA-G; p = 0.0796), and dendritic cell (HERC6, IL3RA, ITGAX, NRP1, TLR3, ZBTB46; p = 0.0903). When both the training and test set (n = 110) were used for the same comparison (Additional file 1: Table S4 ), proliferation was the only of these three functions that was significant (Fig. 1b) . Results for the test set (n = 34) did not identify proliferation, antigen processing, or dendritic cell as significant (Additional file 1: Table S5 ), presumably due to the small size of the sample set. Proliferation was chosen for further evaluation based upon the identification as a significant factor in the training set as well as the combination of the training and test set.
Proliferative status
NSCLC had a wide distribution of poorly, moderately, and highly proliferative tumors with input by both neoplastic and immune cells that can be measured in more than one way. The mean expression rank values of 10 proliferation-related genes in 120 NSCLC specimens (adenocarcinoma n = 94, sarcomatoid carcinoma n = 1, squamous cell carcinoma n = 25) was used as the primary indicator for the proliferative status of the tumor microenvironment. Tumors were stratified into poorly, moderately and highly proliferative based on the tertile rank of expression of this gene signature as compared to a separate reference population of 167 patients with multiple tumor types (Additional file 1: Table S6 ) [10] . Based on this analysis, poorly proliferative tumors were the least frequent in all available samples tested (27/120; 22.5%), followed by an equal distribution of highly (47/ 120; 39.2%) and moderately proliferative tumors (46/120; 38.3%), (Fig. 2a) .
To define whether neoplastic cells, immune cells, or both constituted the source of proliferation-related transcripts, 7 highly proliferative and 9 poorly proliferative cases were evaluated by immunohistochemistry for the expression of MKI67 (best known as Ki-67), a biomarker of proliferation largely employed in the clinics [17] . Highly proliferative tumors (as defined by RNA-seq) had > 50% of neoplastic cells staining positive Fig. 2 Results for cell proliferation as an independent biomarker. a) Proportion of 120 NSCLC patients for cell proliferation by tertiles of poorly, moderately, and highly proliferative. b) Proportion of 120 NSCLC patients positive or negative for PD-L1 IHC using a cut-off of tumor proportion score of ≥50% as a positive result. c) Proportion of 120 NSCLC patients positive or negative for PD-L1 IHC using a cut-off of tumor proportion score of ≥1% as a positive result. d) Prevalence for all combinations of strongly positive PD-L1 (TPS ≥ 50%) cases and proliferation status. e) Prevalence for all combinations of PD-L1 and proliferation status for weakly positive PD-L1 cases (TPS ≥ 1 and < 50%). f) Prevalence for all PD-L1 negative (TPS < 1%) cases and proliferation status. Number and p values are reported for Ki-67 in 6 out of 7 cases, while their poorly proliferative counterparts contained less than 40% Ki-67 + neoplastic cells in 8 of 9 cases (Additional file 1: Table S7 ). In a similar fashion, highly proliferative tumors had 5% or more of immune cells staining positive for Ki-67 in all cases, while their poorly proliferative counterparts showed only two cases with this degree of reactivity. Importantly, an abundant tumor CD8 + T-cell infiltrate did not necessarily correlate with a highly proliferative tumor microenvironment. For example, in one poorly proliferative adenocarcinoma (Fig. 3a) there is a lack of staining by Ki-67 in both malignant and immune cells (Fig. 3b) , even though there is an abundance of CD8 + T cells (Fig. 3c) . In comparison, for a highly proliferative adenocarcinoma (Fig. 3d) there is frequent staining by Ki-67 in both malignant and immune cells (Fig. 3e) , with a similar number of CD8 + T cells (Fig. 3f) . To evaluate the impact of single gene proliferation results, e.g. Ki-67, the mean expression rank values of all 10 proliferation-related genes were evaluated for accuracy (i.e. true positive plus true negatives divided by total number of results) for each gene individually (Additional file 1: Table S6 ). Accuracy ranged from a low of 52.7% for FOXM1 to a high of 67.3% for TOP2A, as compared to a value of 71.8% for the mean expression rank values of all ten proliferation-related genes (Additional file 2: Figure S1 ). The accuracy of Ki-67 at 59.1% was near the mid-value of other single gene results.
The sum of all of these results suggest that poorly, moderately, and highly proliferative tumors are somewhat equally represented in NSCLC; that both immune cells and malignant cells are sources of proliferation-related transcripts, and it is possible to reach similar results for any of the 10 genes using only single gene evaluations.
PD-L1 expression
Tumors with the highest PD-L1 expression were more frequently moderately proliferative as compared to lower (Fig. 2b) , while 56/120 (46.7%) of all cases were positive at any level of staining (Fig. 2c) . Moderately proliferative tumors were slightly enriched for strongly positive PD-L1 tumors as compared to highly proliferative tumors (p = 0.4611), and more so as compared to poorly proliferative tumors (p = 0.01237), or a combination of the latter two (p = 0.07227), (Fig. 2d) . For weakly positive PD-L1 tumors, moderately proliferative were not enriched as compared to poorly proliferative counterparts (p = 1.0), highly proliferative (p = 0.2463), or a combination of the latter two (p = 0.5417), (Fig. 2e) . For PD-L1 negative tumors, moderately proliferative were under represented as compared to poorly proliferative counterparts (p = 0.01955), or a combination of poorly and highly proliferative (p = 0.02317), but less so for highly proliferative (p = 0.1188), (Fig. 2f ) . Overall these results support that as PD-L1 expression increases there is an over representation of moderately proliferative tumors, but as shown below does not account for the improved survival or higher disease control rates seen in PD-L1 negative tumors.
Overall survival
Proliferation status had an impact on survival in patients with both PD-L1 positive and negative tumors. There was a significant survival advantage for moderately proliferative tumors compared to their combined highly/ poorly counterparts (p = 0.021) (Fig. 4a) . When highly and poorly proliferative groups were evaluated separately there was a trend towards survival for patients with moderately proliferative tumors (p = 0.064) (Fig. 4b) . Likewise, the survival of patients with strongly positive Fig. 4 Overall survival of 120 NSCLC patients receiving an immune checkpoint inhibitor (ICI) as part of their therapy. a) Overall survival based upon stratification by cell proliferation for moderately versus combined poorly/highly proliferative. b) Overall survival based upon stratification by cell proliferation for moderately versus poorly and highly proliferative. c) Overall survival based upon stratification by PD-L1 expression levels using TPS ≥ 50% as a cut-off for a positive result. d) Overall survival based upon stratification by strongly positive PD-L1 tumors and proliferation status (PD-L1 TPS ≥ 50% moderately proliferative, PD-L1 TPS ≥ 50% highly or poorly proliferative, PD-L1 TPS ≥ 50% moderately proliferative, PD-L1 TPS ≥ 50% highly or poorly proliferative). Number at risk and p-values are reported PD-L1 tumors was associated with a statistically significant survival advantage (p = 0.03) (Fig. 4c) . A combination of proliferation and PD-L1 resulted in a significant survival advantage in moderately proliferative strongly positive PD-L1 tumors with a median survival of 14.6 months that was almost twice that of all less than strongly positive PD-L1 highly/poorly proliferative tumors at 7.6 months (p = 0.028) (Fig. 4d) . Likewise, median survival in less than strongly positive PD-L1 moderately proliferative tumors at 12.6 months was comparable to that of highly/poorly proliferative strongly positive PD-L1 tumors at 11.5 months (p = 0.86) (Fig. 4d) , but in both instances less than that of moderately proliferative strongly positive PD-L1 tumors. The results for all PD-L1 positive tumors by a TPS ≥ 1% criteria were very similar (Additional file 3: Figure S2 ). The summary of these results support that moderately proliferative tumors have a survival advantage beyond PD-L1 positive tumors for NSCLC patients treated with checkpoint inhibitors.
Disease control rate
Similar to survival, proliferation status had an impact on disease control in patients with both PD-L1 positive and negative tumors. The overall objective of evaluating disease control was to show this intersection of response to checkpoint inhibition for cell proliferation versus the current standard of PD-L1 IHC. The results ( Table 2 , Fig. 5 ) show that patients with moderately versus those with poorly or highly proliferative tumors have a superior DC rate when combined with any classification schema used to score PD-L1 as a positive result (i.e., TPS ≥ 50% or ≥ 1%; see Additional file 4 for full results). The value of cell proliferation as a marker of response was best displayed by noting that the DC rate for moderately proliferative tumors was no less than 40% for any classification of PD-L1 as a negative result. This was critically important for the fifty-seven negative PD-L1 negative tumors for which moderately proliferative tumors had a DC rate of 41.2% (7/17) (Fig. 5g) , while the DC rate among highly and poorly proliferative tumors combined was 17.5% (7/40, p = 0.1179). The summary of all of these results support that cell proliferation is a relevant biomarker in all groups of NSCLC, but is unique and clinically useful for patients with PD-L1 negative tumors. Further support of this conclusion was a multivariate analysis on all co-variates using binomial logistic regression model showed that moderately proliferative tumors to have a significant association with probability of disease control (Table 3 ; p = 0.0071). Furthermore, analysis of deviance of each co-variate (Table 3) suggests that adding proliferation to a null model improved it significantly (p = 0.0009) followed by a second most informative co-variate of PD-L1 status (p = 0.0337). Collectively these results suggest that, the proliferative status of the tumor microenvironment can be harnessed to improve patient stratification based on PD-L1 expression levels. Importantly, cell proliferation seems to have value as a biomarker of response in PD-L1 negative tumors. Poorly/highly cold tumors (CD8 rank < 33%) 0 11 11 0.0% p = 0.3298 Fig. 5 Impact of PD-L1 levels and proliferative status on disease control rate in 110 NSCLC patients receiving an immune checkpoint inhibitor (ICI) as part of their therapy. a) Prevalence and DC rate for moderately versus highly and poorly proliferative tumors, as well as combined of the latter two. b) Prevalence and DC rate for strongly positive PD-L1 (TPS ≥ 50%). c) Prevalence and DC rate for PD-L1 negative (TPS < 1%). d) Prevalence and DC rate for strongly positive PD-L1 combined with moderately versus highly/poorly proliferative tumors. e) Prevalence and DC rate for PD-L1 positive (TPS ≥ 1%) combined with moderately versus highly/poorly proliferative tumors. f) Prevalence and DC rate for PD-L1 less than strongly positive (TPS < 50%) combined with moderately versus highly/poorly proliferative tumors. g) Prevalence and DC rate for PD-L1 negative (TPS < 1%) combined with moderately versus highly/poorly proliferative tumors. h) Prevalence and DC rate for weakly positive PD-L1 (TPS ≥ 1% and < 50%) combined with moderately versus highly/poorly proliferative tumors. i) Prevalence and DC rate for minimal tumor infiltration by CD8 + T cells (so-called "cold" tumors) combined with moderately versus highly/poorly proliferative tumors
Proliferative status and cold tumors
Proliferation status had an impact on disease control in patients with factors other than PD-L1 positive or negative status, impacting response to checkpoint inhibitors. In this regard, cell proliferation was further evaluated for value beyond PD-L1 status in the emerging recognition of inflammatory status [16] , and more specifically the degree of CD8 infiltration. Response was evaluated for tumors with reduced levels of CD8-coding transcripts as compared to a reference population of 167 patients with multiple tumor types, which we previously demonstrated to indicate minimal tumor infiltration by CD8 + T cells (so-called "cold" tumors) [16] . As there is no current absolute criteria to define cold tumors we first arbitrarily defined this group by a CD8 rank less than 15, and then compared to those results to an non-arbitrary cut-off of the lower tertile of CD8 rank, or a value less than 33. Irrespective of the cut-off, DC was accurately predicted by the proliferative status of the tumor microenvironment (Table 2) , although the numbers are quite small for the more stringent cut-off value (Fig. 5i) . Most importantly, the DC rate was greater than 50% for any grouping of moderately proliferative cold tumors, while the rate was less than 20% for poorly/highly proliferative counterparts. PD-L1 status did not associate with response in cold tumors (Additional file 1: Table S8) , again supporting that cell proliferation is a unique biomarker of response in NSCLC.
Discussion
Our findings suggest that a highly or poorly proliferative tumor microenvironment is associated with limited sensitivity to ICIs amongst NSCLC patients, and that targeted RNA-seq can be employed to assess the proliferative status of the tumor microenvironment at diagnosis, with the ultimate goal of improving clinical decision making based on PD-L1 only. Most importantly, these findings suggest that some highly or poorly proliferative tumors may be resistant to ICIs independent of PD-L1 or inflamed status and that both PD-L1 positive and PD-L1 negative tumors at any TPS value can be stratified more accurately by cell proliferation. Moving forward the need for standardization of cell proliferation will be vitally important in comparing response among various studies. In that regard the proliferative potential of malignant cells (assessed by Ki-67 positivity or enumeration of mitotic figures) has been extensively employed over the past 3 decades for prognostic purposes in a number of tumors [18] [19] [20] [21] . In our study, Ki-67 as measured by RNA-seq analysis was not the most accurate predictor of disease control as a single gene result, but rather was TOP2A. At such a formative stage of development we did not evaluate proliferation as a continuous variable for any single gene or the mean rank of 10 genes, but this is factor that will need to evaluated further in future studies. We also did not evaluate K-67 or TOP2A IHC as a predictor of disease control and is another potential future study. In a recent study, RNA-seq was employed to investigate the effect of proliferation on the survival of 6581 patients with 19 different cancers, as catalogued by The Cancer Genome Atlas (TCGA) [22] . In this setting, a low proliferation index was associated with improved patient survival in 7 of 19 malignancies (including lung adenocarcinoma) which were subsequently defined as "proliferation-informative cancers" [22] . Most recently, another TCGA study evaluating the immune landscape of cancer in more than 10,000 tumors identified six immune subtypes hypothesized to define immune response patterns impacting prognosis [23] . Two of these six subtypes, C1 and C2, were noted for a high proliferation rate, with both having a substantial immune component but the least favorable outcomes. In this study tumor types over represented by C1 and C2 subtypes included bladder cancer, breast cancer, cervical cancer, colon cancer, head and neck squamous cell carcinoma, lung squamous cell carcinoma, mesothelioma, ovarian cancer, gastric adenocarcinoma, and endometrial cancer. Moreover, in NSCLC, a dormant tumor-infiltrating lymphocytes (TIL) signature characterized by low activation (Granzyme B) and proliferation markers (Ki-67) in CD3 + TILs was also recently demonstrated to be associated with survival benefit in patients treated with ICI [24] . These studies support that cell proliferation should be evaluated further as an integral component of the immune response to ICIs and that results may be tumor type dependent.
While our work was not based upon a single, well-structured clinical trial, samples were obtained from 10 different institutions across the US and Europe, and results stood the test of such a heterogeneous, real-world clinical scenario. One of the major limitations of the present study is that response data (based on RECIST v1.1) was available for a relatively small number of cases (110 patients), which obliged us to operate on pooled data from patients receiving PD-1-or PD-L1-targeting agents (nivolumab, pembrolizumab atezolizumab), CTLA4-targeting agents (ipilimumab), or both (nivolumab + ipilimumab) as it complicated subgroup analysis. As a retrospective study across multiple institutions, there were also limitations for data collection. Smoking status was not available from all sites and as such was not a variable in the multi-variate analysis. The exclusion of ICI-treated patients who died in less than 90 days post first dose checkpoint inhibitor did not allow for an analysis of this important group due to the lack of collection ECOG performance score and our subsequent inability to distinguish rapid progressors from poor health performance.
Conclusion
In summary, we demonstrated that a poorly or highly proliferative potential in the tumor microenvironment is associated with resistance to ICI-based immunotherapy amongst NSCLC patients, and that assessing the expression levels of ten proliferation-related genes by RNA-seq in diagnostic biopsies stands out as a promising strategy for improving clinical decision making based on PD-L1 expression only. Additional studies are ongoing to test these observations in other tumor types commonly treated with ICIs.
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